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METHODS AND APPARATUS FOR DC-DC
CONVERTER HAVING DITHERED SLOPE
COMPENSATION

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application claims the benefit of U.S. Provi-
sional Patent Application No. 61/691,854, filed on Aug. 22,
2012, which is incorporated herein by reference.

BACKGROUND

As is known in the art, Electro-Magnetic Emission (EMI)
compliance rules dictate the maximum amount of power a
device is allowed to radiate at a particular frequency. In order
to meet these requirements, a common technique employed is
to spread the transmitted power over a frequency range in
order to prevent the power from concentrating at a particular
frequency.

FIG. 1 shows a conventional DC-DC converter 10 includ-
ing a boost circuit 12 having an inductor 14, a diode 16 and a
capacitor 18. A DC input voltage Vin is converted to a DC
output voltage Vo, which can energize a load 20. A switching
element 22 is coupled to the boost circuit 12 to determine the
output voltage Vo. A control circuit 24 receives feedback from
the load and uses this information to control operation of the
switching element 22.

In fixed frequency DC-DC converters, power switching
occurs at a constant frequency and results in radiated emis-
sions concentrated at harmonics of the switching frequency,
making it difficult to pass EMI requirements. In one known
technique, in order to spread out the emitted power, the
switching frequency is slightly changed in a random (or typi-
cally pseudo-random) fashion. Since the frequency is devi-
ated by a small amount (e.g., +/-10%), the DC-DC converter
maintains proper fixed-frequency operation and the emitted
power is spread over a wider frequency span.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing features of this invention, as well as the
invention itself, may be more fully understood from the fol-
lowing description of the drawings in which:

FIG. 1 is a schematic diagram of a prior art DC-DC con-
verter;

FIG. 2 is a diagram of signals for a prior art DC-DC
converter with no dithering;

FIG. 3 is a diagram of signals for a prior art DC-DC
converter with boost dithering with a variable switching fre-
quency, fixed slope and variable boost duty cycle;

FIG. 4 is a diagram of signals for a DC-DC converter with
avariable switching frequency, variable slope and fixed boost
duty cycle in accordance with exemplary embodiments of the
invention;

FIG. 5 is a schematic representation of a DC-DC converter
with light emitting diode as a load and an internal current sink
with variable switching frequency, variable slope and fixed
boost duty cycle in accordance with exemplary embodiments
of the invention;

FIG. 5A is a schematic representation of circuitry to gen-
erate a duty cycle signal for a switching element; and

FIG. 5B is a schematic representation of circuitry to gen-
erate a variable slope signal.

SUMMARY

In one aspect of the invention, a circuit comprises: a DC-
DC converter comprising: a boost converter to provide a DC
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voltage output from a DC input voltage, the DC output volt-
age configured to connect with a first load terminal, a feed-
back module configured to connect with a second load termi-
nal, a switching module having a switching element coupled
to the boost converter, and a control circuit coupled to the
feedback module and to the switching module to generate a
control signal to control operation of the switching element,
wherein the control circuit includes a slope generator to gen-
erate a ramp signal having a slope that can vary cycle to cycle,
wherein the ramp signal is initiated by a clock signal that
varies cycle-to-cycle, such that the control signal for the
switching element corresponds to the ramp signal, wherein
the switching element has a duty cycle that varies cycle to
cycle and a duty cycle on-time that varies cycle to cycle.

The circuit can further include one or more of the following
features: the DC-DC converter comprises a voltage-mode
converter, the DC-DC converter comprises a current-mode
converter, the control circuit includes a pulse-width modula-
tion circuit, the control circuit includes a comparator having
an output coupled to the switching element, the comparator is
configured to receive the ramp signal, the control circuit
includes a current source to determine the slope of the ramp
signal, the control circuit includes a capacitor that is charged
by the current source, the capacitor discharges upon reaching
a first voltage level, and/or a conversion range of the DC-DC
converter is set by a maximum and minimum controllable
duty cycle.

In another aspect of the invention, a method comprises:
employing a DC-DC converter having a boost converter to
provide a DC voltage output from a DC input voltage, the DC
output voltage configured to connect with a first load termi-
nal, employing a feedback module to connect with a second
load terminal, employing a switching module having a
switching element coupled to the boost converter, employing
a control circuit coupled to the feedback module and to the
switching module to control operation of the switching ele-
ment, generating a ramp signal in the control circuit, the ramp
signal having a slope that varies cycle to cycle, wherein the
ramp signal is initiated by a clock signal that varies cycle-to-
cycle, such that the control signal for the switching element
corresponds to the ramp signal, wherein the switching ele-
ment has a duty cycle that varies cycle to cycle and a duty
cycle on-time that varies cycle to cycle.

The method can further include one or more of the follow-
ing features: the DC-DC converter comprises a voltage-mode
converter, the DC-DC converter comprises a current-mode
converter, the control circuit includes a pulse-width modula-
tion circuit, the control circuit includes a comparator having
an output coupled to the switching element, the comparator is
configured to receive the ramp signal, the control circuit
includes a current source to determine the slope of the ramp
signal, the control circuit includes a capacitor that is charged
by the current source, the capacitor discharges upon reaching
a first voltage level, and/or a conversion range of the DC-DC
converter is set by a maximum and minimum controllable
duty cycle.

DETAILED DESCRIPTION

Before describing exemplary embodiments of the inven-
tion, some information is provided. In a voltage mode con-
verter, the feedback network has a compensation node that
determines the duty cycle of the converter. In a typical imple-
mentation, the compensation node sets the duty cycle indi-
rectly by controlling the on-time or off-time of the converter.
In a typical implementation, dithering will change the fre-
quency of the oscillator but it will not change the on-time or
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off-time as set by the compensation node. This results in a
duty cycle variation when dithering is employed and reduces
the maximum (or minimum) effective duty cycle at which the
converter can be operated.

FIG. 2 shows signals for a conventional boost converter
without dithering. A duty cycle DC of a switching element is
determined by a slope signal SLOP having a series of ramps
RS. The duty cycle DC is determined by the time at which the
ramp signal RS begins to rise (due to the clock signal) and the
time at which the ramp reaches the voltage level defined by
the error signal ES. As can be seen, the duty cycle begins at the
same time each cycle, as defined by the clock signal CLK, and
ends at the same time each cycle, and thus has the same
duration each cycle.

FIG. 3 shows signals for a further conventional boost con-
verter with variable switching frequency. As can be seen, the
clock signal CLK varies each cycle, which moves the begin-
ning of the duty cycle DC. However, the duty cycle has the
same duration each cycle.

The signal relationships shown in FIGS. 2 (no dithering)
and 3 (dithering fixed on time conditions) above can have
adverse consequences including:

The duty cycle sets the output voltage. Varying the duty
cycle at the dithering rate results in the dithering show-
ing up as a voltage waveform on the output.

The off-time (or on-time, depending on the dithering
approach) varies more when the duty cycle is not pre-
served. This results in more dynamic range being used
up for dithering, resulting in less dynamic range for the
regulation requirements.

In one aspect of the invention, dithering is applied to slope-
compensation to improve EMI performance as compared to
prior art DC-DC converters. The advantages in enhanced
EMI performance will be readily apparent to one of ordinary
skill in the art.

FIG. 4 shows signal waveforms for dithering fixed duty
cycle of a switching element in a DC-DC converter accor-
dance with exemplary embodiments of the invention. As can
be seen, the duty cycle 100 of the control signal that controls
the switching element in the DC-DC converter varies from
cycle to cycle as does the duty cycle on-time, i.e., the time at
which the control signal transitions to the active state. The
clock signal 102 varies cycle to cycle, which moves the time
at which the ramp signal 104 begins to rise until reaching the
voltage level defined by the error signal 106. In one embodi-
ment, a capacitor discharges when the voltage level defined
by the error signal is reached. The slope 108 of the ramp
signal 104 varies cycle to cycle, which alters the duty cycle
100. With this arrangement, EMI performance is improved as
compared to conventional configurations.

FIG. 5 shows an exemplary voltage-mode DC-DC con-
verter 200 with dithering fixed duty cycle in accordance with
exemplary embodiments of the invention. The converter 200
includes a switching regulator 202, shown as a boost switch-
ing regulator circuit, coupled to an integrated circuit 204. A
load 206, such as a series of LEDs, is coupled to the voltage
output of the switching regulator 202. The integrated circuit
204 includes a feedback circuit 208, coupled to the load 206.
The feedback circuit 208 is coupled to a pulse width modu-
lation (PWM) circuit 210 that controls a switch 212 coupled
to the switching regulator 202. The pulse width modulation
circuit 210 includes a dithering circuit 214 to provide dither-
ing fixed duty cycle. Driver 216 fixes the voltage to regulate
the load 206, such as the LEDs. This fixed voltage is the
regulation voltage for the feedback circuit 208, which checks
the error at the fixed voltage (feedback voltage) and adjusts
the duty cycle inthe PWM controller 214. It is understood that
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4

any suitable switching regulator circuit can be used to meet
the needs of a particular application. It is understood that any
type of suitable modulation can be used.

FIG. 5A shows an exemplary circuit to generate a control
signal DC for the switch SW to control the duty cycle of the
switch. A reference voltage Ref and aload feedback signal FB
are provided to an amplifier A that outputs an error signal,
which is provided to a comparator C. A ramp signal SLOP
(see FIG. 4) is also provided to the comparator C, which
generates the duty cycle signal DC to control the switch SW
and boost circuit BC. As described above, the slope of the
ramp signal SLOP can vary. When the ramp signal SLOP
exceeds the voltage threshold defined by the error signal, the
control signal DC for the switch transitions, e.g., turns the
switch to the inactive state.

FIG. 5B shows an exemplary circuit to generate the SLOP
signal of FIG. 4. A dither control signal DC controls an
amount of current at a current source CS to determine a slope
of a ramp signal. A clock signal controls a charging circuit
that enables current from the current source CS to increase the
voltage on a capacitor CAP. At a rising clock transition,
voltage on the capacitor CAP increases until reaching the
level defined by an error signal, which discharges the capaci-
tor CAP. During dithering current at CS will change dynami-
cally to accommodate the dither frequency. This arrangement
allows the voltage across the capacitor CAP to remain the
same at the end of the charging cycle irrespective of the dither
rate.

One advantage of dithering in accordance with exemplary
embodiments of the invention is that the conversion range of
the DC-DC converter is not affected when dithering is used.
The conversion range is set by the maximum and minimum
controllable duty cycle.

While exemplary embodiments of the invention are shown
and described herein having particular configurations, com-
ponents and applications, it is understood that embodiment of
the invention are applicable to any application in which it is
desirable to provide dithering for a frequency that is depen-
dent upon a current.

Having described exemplary embodiments of the inven-
tion, it will now become apparent to one of ordinary skill in
the art that other embodiments incorporating their concepts
may also be used. The embodiments contained herein should
not be limited to disclosed embodiments but rather should be
limited only by the spirit and scope of the appended claims.
All publications and references cited herein are expressly
incorporated herein by reference in their entirety.

What is claimed is:

1. A circuit, comprising:

a DC-DC converter comprising:

aboost converter to provide a DC voltage output from a DC
input voltage, the DC output voltage configured to con-
nect with a first load terminal,

a feedback module configured to connect with a second
load terminal;

a switching module having a switching element coupled to
the boost converter; and

a control circuit coupled to the feedback module and to the
switching module to generate a control signal to control
operation of the switching element for a single mode of
operation of the switching element, wherein the control
circuit includes a slope generator to generate a ramp
signal having a slope that varies cycle to cycle, wherein
the ramp signal is initiated by a non-periodic clock sig-
nal that varies cycle-to-cycle, such that the control signal
for the switching element corresponds to the ramp sig-
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nal, wherein the switching element has a duty cycle that
varies cycle to cycle and a duty cycle on-time that varies
cycle to cycle.

2. The circuit according to claim 1, wherein the DC-DC
converter comprises a voltage-mode converter.

3. The circuit according to claim 1, wherein the DC-DC
converter comprises a current-mode converter.

4. The circuit according to claim 1, wherein the control
circuit includes a pulse-width modulation circuit.

5. The circuit according to claim 1, wherein the control
circuit includes a comparator having an output coupled to the
switching element.

6. The circuitaccording to claim 5, wherein the comparator
is configured to receive the ramp signal.

7. The circuit according to claim 1, wherein the control
circuit includes a current source to determine the slope of the
ramp signal.

8. The circuit according to claim 7, wherein the control
circuit includes a capacitor that is charged by the current
source.

9. The circuit according to claim 8, wherein the capacitor
discharges upon reaching a first voltage level.

10. The circuit according to claim 1, wherein a conversion
range of the DC-DC converter is set by a maximum and
minimum controllable duty cycle.

11. A method, comprising: employing a DC-DC converter
having a boost converter to provide a DC voltage output from
a DC input voltage, the DC output voltage configured to
connect with a first load terminal; employing a feedback
module to connect with a second load terminal; employing a
switching module having a switching element coupled to the
boost converter; employing a control circuit coupled to the
feedback module and to the switching module to control
operation of the switching element for a single mode of opera-
tion of the switching element; generating a ramp signal in the
control circuit, the ramp signal having a slope that varies
cycle to cycle, wherein the ramp signal is initiated by a non-
periodic clock signal that varies cycle-to-cycle, such that the
control signal for the switching element corresponds to the
ramp signal, wherein the switching element has a duty cycle
that varies cycle to cycle and a duty cycle on-time that varies
cycle to cycle.
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12. The method according to claim 11, wherein the DC-DC
converter comprises a voltage-mode converter.

13. The method according to claim 11, wherein the DC-DC
converter comprises a current-mode converter.

14. The method according to claim 11, wherein the control
circuit includes a pulse-width modulation circuit.

15. The method according to claim 11, wherein the control
circuit includes a comparator having an output coupled to the
switching element.

16. The method according to claim 15, wherein the com-
parator is configured to receive the ramp signal.

17. The method according to claim 15, wherein the control
circuit includes a current source to determine the slope of the
ramp signal.

18. The method according to claim 17, wherein the control
circuit includes a capacitor that is charged by the current
source.

19. The method according to claim 18, wherein the capaci-
tor discharges upon reaching a first voltage level.

20. The method according to claim 11, wherein a conver-
sion range of the DC-DC converter is set by a maximum and
minimum controllable duty cycle.

21. A circuit, comprising: a DC output voltage configured
to connect with a first load terminal; a feedback module
configured to connect with a second load terminal; a switch-
ing module having a switching element; and a control circuit
coupled to the feedback module and to the switching module
to generate a control signal to control operation of the switch-
ing element for a single mode of operation of the switching
element, wherein the control circuit includes a slope genera-
tor to generate a ramp signal having a slope that varies cycle
to cycle, wherein the ramp signal is initiated by a non-peri-
odic clock signal that varies cycle-to-cycle, such that the
control signal for the switching element corresponds to the
ramp signal, wherein the switching element has a duty cycle
that varies cycle to cycle and a duty cycle on-time that varies
cycle to cycle for adjusting switching frequency based on
current level.
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